We applied a land water mass balance equation over 59 major river basins during 2003-9 to estimate evapotranspiration (ET), using as input terrestrial water storage anomaly (TWSA) data from the GRACE satellites, precipitation and in situ runoff measurements. We found that the terrestrial water storage change cannot be neglected in the estimation of ET on an annual time step, especially in areas with relatively low ET values. We developed a spatial regression model of ET by integrating precipitation, temperature and satellite-derived normalized difference vegetation index (NDVI) data, and used this model to extrapolate the spatio-temporal patterns of changes in ET from 1982 to 2009. We found that the globally averaged land ET is about 604 mm yr −1 with a range of 558-650 mm yr −1 . From 1982 to 2009, global land ET was found to increase at a rate of 1.10 mm yr −2 , with the Amazon regions and Southeast Asia showing the highest ET increasing trend. Further analyses, however, show that the increase in global land ET mainly occurred between the 1980s and the 1990s. The trend over the 2000s, its magnitude or even the sign of change substantially depended on the choice of the beginning year. This suggests a non-significant trend in global land ET over the last decade.
Introduction
Evapotranspiration (ET) links the water, energy and carbon cycles and is one of the most important fluxes in Earth's climate system (Nachabe et al 2005 , Alton et al 2009 . It has been estimated that more than 60% of precipitation on the land surface returns to the atmosphere in the form of ET (Oki and Kanae 2006) while consuming more than half of the solar radiation absorbed by the land surface (Trenberth et al 2009) . ET is also a robust climatic predictor of plant productivity and species richness (Fisher et al 2011) . Accurate estimates of spatial and temporal changes in global ET are critical for better understanding atmosphere-hydrosphere-biosphere interactions, and therefore is an important emergent theme of climate change research (Jung et al 2010 , Fisher et al 2011 .
It is difficult to directly measure ET at large spatial scales continuously over long time periods. Therefore, empirical data-driven approaches are valuable for estimation of global land ET. In theory, ET can be expressed as the residual between total precipitation (P) minus the sum of net runoff (R) and terrestrial water storage change (TWSC), i.e. ET = P − R − TWSC (Verstraeten et al 2008) . TWSC shows the changes in terrestrial water storage (TWS), a horizontally and vertically integrated quantity which is defined as storage of all forms of terrestrial water including groundwater, soil moisture, surface water, canopy water, snow and glaciers (Rodell and Famiglietti 1999 , Rodell et al 2004 , 2009 . At large scales, however, TWSC is difficult to estimate (Tapley et al 2004) , and was generally neglected in previous studies (e.g. Mueller et al 2011) . The availability recently of terrestrial water storage anomalies (TWSAs) datasets from gravity recovery and climate experiment (GRACE) satellites, however, provides an opportunity to re-assess the value of considering TWSC for ET estimation at large spatial scales. The first objective of this letter is to evaluate the systematic error, if any, in land ET estimation when TWSC is ignored.
Jung et al (2010) (hereafter JUN10) and Zhang et al (2010) (hereafter ZHA10) quantified ET by up-scaling local eddy-covariance flux measurements from the global FLUXNET network, through integration with gridded satellite FAPAR (or NDVI) and climate data. Based on a multiregression tree ensemble, JUN10 estimated ET from 1982 to 2008, and concluded that global land ET trend has stalled, and declined in some tropical regions, during the past decade. One limitation acknowledged by JUN10 is the limited coverage of FLUXNET sites and relatively short duration of flux records, especially in the tropics, which makes ET estimates uncertain (Mueller et al 2011) . Therefore, the second objective of this paper is to evaluate large-scale changes in global ET over the last three decades with an alternative method.
Data and methods

Data
The data from GRACE satellites, launched in March 2002 to accurately measure the Earth's gravity field at ∼30 day intervals with a spatial resolution of 400 km, can be used to estimate TWSAs over sufficiently large regions (Tapley et al 2004) . TWSA is an anomaly (i.e. monthly deviations from a longer-term mean) of TWS stored above and underneath the surface of the Earth, including groundwater, soil moisture, surface water, canopy water, snow and glaciers (Syed et al 2008) . The TWSA data used in this study were obtained from the Jet Propulsion Laboratory (JPL; http://grace.jpl.nasa.gov) (Swenson and Wahr 2006) and were used to derive annual terrestrial water storage change (TWSC).
Since the spatial resolution of the GRACE TWSA product is 1 • × 1 • (http://grace.jpl.nasa.gov), we did not include river basins smaller than 10 000 km 2 , resulting in 59 river basins, which cover more than 50% of the global land surface ( figure 1(a) ). The digital map of these 59 major river basins was obtained from the Global Runoff Data Centre (GRDC 2007) . The runoff data during the period of 2003-9 as well as the areas of the watersheds corresponding to runoff stations were derived from the GRDC database (GRDC 2007) and from the Ministry of Water Resources, China.
ET is not only driven by climatic factors, but also modulated by physiological and structural characteristics of vegetation (Piao et al 2007) . We used the satellite data-based normalized difference vegetation index (NDVI), a proxy for terrestrial vegetation greenness and photosynthetic activity (Myneni et al 1998 , Wang et al 2011 , as one of the independent variables (predictors) for estimating global ET. The NOAA/AVHRR NDVI data used here were generated by the Global Inventory Modeling and Mapping Studies (GIMMS) group at NASA GSFC at a spatial resolution 
Methods
For a given river basin, we assumed that surface drainage divides coincide with groundwater flow divides, so that lateral inputs and outputs of groundwater can be ignored (Rodell et al 2004) . Therefore the water balance equation for the land surface can be expressed as:
where n is the year; TWSA (12,n−1) is the basin-level average TWSA for December of the year n (mm); ET, P and Q are annual ET (mm yr −1 ), precipitation (mm yr −1 ) and runoff (mm yr −1 ), respectively. Since the temporal resolution of GRACE TWSA is 1 month, we used December TWSA of the year n and n − 1 to represent TWSA at the end and beginning of the year n, respectively. Note that ET refers to actual evapotranspiration rather than potential evapotranspiration throughout this letter.
ET is affected by a number of factors, such as available energy, available water, vapor pressure deficit, wind speed and vegetation activity (Verstraeten et al 2008) . Given the multi-collinearity of different factors and availability of global datasets during the study period, we chose available energy, available water and vegetation activity as the main drivers of spatio-temporal variations of ET. We find that over 299 basin years, ET is significantly and positively correlated with mean annual temperature (a proxy of available energy; R = 0.68, p < 0.001), annual precipitation (a proxy of available water; R = 0.87, p < 0.001) and annual NDVI (a proxy of vegetation condition; R = 0.70, p < 0.001). We performed multiple linear, spatial (cross-basin) regression analyses using annual ET as the dependent variable and mean annual temperature, annual precipitation and annual NDVI as independent variables. We also performed the multiple regression analysis 1000 times by randomly selecting a subset of 80% of samples from the datasets in order to further analyze the uncertainty of global ET. Annual NDVI is calculated as the sum of monthly NDVI that is larger than 0.1. Because the maximum NDVI value composite (MVC) (a maximum daily NDVI value in each 15 days) minimizes atmospheric effects, scan angle effects, cloud contamination and solar zenith angle effects (Holben 1986 ), we used the largest 15 day MVC for each month to produce the monthly NDVI dataset.
Results and discussion
Estimation of ET at the basin level
Figure 1(a) shows spatial patterns of average ET during 2003-9 across the 59 river basins. Among the basins, ET shows pronounced regional contrasts, reflecting the spatial patterns of climatic conditions and vegetation coverage and structure. High ET (>900 mm yr −1 ) is observed in the Amazon, while low ET (<200 mm yr −1 ) is found in the basins of high-latitude in the northern hemisphere and in Central Asia, as may be expected. In the Pechora basin of northern Russia, the water balance defined in equation (1) predicts a negative value of ET, but close to 0 mm yr −1 (−9 mm yr −1 ), which may be likely due to uncertainties in precipitation from the limited number of climatic stations, as well as inaccurate estimation of TWSC. The spatio-temporal change of ET over 299 river basin years is significantly and positively correlated with annual precipitation, mean annual temperature and annual NDVI. Therefore, these three variables were used to calculate ET using the following multi-linear regression, 
where ET is basin-averaged annual evapotranspiration (mm yr −1 ), P, T and NDVI are annual precipitation (mm yr −1 ), mean annual temperature ( • C) and annual NDVI, respectively. The uncertainty of each parameter was derived from 1000 multiple regression analyses, by randomly selecting 80% of samples from the datasets. As shown in figure S1 (available at stacks.iop.org/ERL/7/014026/ mmedia), the regression based on 80% of samples of the datasets also successfully predicts the other 20% of the data. This regression explains more than 85% of the spatiotemporal differences in ET across the 299 river basin years. Although it has been suggested that wind speed may influence ET (Skidmore et al 1969) , including wind speed as a predictor in equation (2) did not significantly improve the explanation of spatial differences in ET across the river basins (p > 0.05), suggesting that the effect of wind speed is small on an annual average basis.
Figure 1(b) shows the change in the absolute ratio of TWSC-to-ET (i.e. the relative error derived from ignoring TWSC in ET estimates) versus ET across 299 river basin years. This ratio decreases with increasing ET, suggesting that biases in ET estimates from ignoring TWSC in regions of low ET are larger than in regions with higher ET. As TWSC is relatively constant across latitudes (Syed et al 2008) , the substantially high ET biases in regions of low ET are mainly related to the disproportionately low ET values. Further analysis shows that there is no effect of the size of a basin. For example, smaller basins are not more sensitive to ignoring TWSC than larger basins (figure S2 available at stacks.iop. org/ERL/7/014026/mmedia). Overall, more than 44% of the river basins have biases larger than 10%, highlighting the importance of including TWSC in the calculation of ET.
Spatial patterns of global ET
Using equation (2) figure 2(a) ), particularly in northwestern Amazonia, Indonesia and Malaysia. The uncertainty in ET estimates is also the highest in the tropical regions (figure S3 available at stacks.iop.org/ERL/7/014026/mmedia).
ET trends from 1982 to 2009
Global land ET increased from 1982 to 2009 at the rate of 1.10 ± 0.20 mm yr −2 (p < 0.01) ( figure 3(a) ). As illustrated in figure 3(b) , a positive trend is found in 25% of the pixels, of which the Amazon Basin and Southeast Asia have the highest rate of ET increase. This general upward land ET trend over the past three decades was previously reported by ZHA10 and JUN10; however, the increasing trends in those studies were relatively weaker (table 1). All three studies predict significant increase in ET over Europe and Africa. In North America and South America, both this study and ZHA10 estimate a significant increasing trend of ET, while JUN10 shows an insignificant trend. In Asia, ZHA10 estimated a significant negative trend of ET by −0.74 ± 0.22 mm yr −2 . In contrast, both this study and JUN10 predict a significant positive trend of ET over Asia at the continental scale.
Recently, JUN10 suggested that the increase in global land ET mainly occurred during 1982-98, which is confirmed by our study. We report global land ET increased by 1.03 ± 0.44 mm yr −2 (p < 0.05), with a significant positive trend in more than 10% of the pixels ( figure 3(c) ). The average In contrast to the pre-1998 increase, global land ET seemed to have slowed down or even completely disappeared thereafter (figure 3). Our results suggest a statistically insignificant trend in global land ET, with a value of −0.10 ± 0.61 mm yr −2 over the period 1998-2009 (R 2 = 0.00, p=0.89) (table 1, figure 3(a) ). This is within uncertainties of the trends reported by ZHA10 and JUN10. JUN10 inferred a decline from 1998 to 2008, but this negative trend was not statistically significant (table 1) . Furthermore, both the magnitude and the sign of the trend during the last decade varied substantially depending on the choice of beginning or ending year (table 1) . For example, in JUN10, ZHA10 and this work, there is a slight but statistically insignificant increasing trend when the starting year is 1999. Furthermore, in Asia and Europe, JUN10 estimated a significant positive trend of ET since 1999, while this work and ZHA10 converge to no significant trends during the same period (table 1). Our results show that only 10% of the study areas have statistically significant trends, positive or negative, during the period of 1998-2009 ( figure 3(d) ).
As shown in figure 3(a) , the recent stall in the increasing trend is likely related to the relatively low ET values during the early 2000s when several continental-scale droughts occurred, e.g. the 2002 drought in North America (Seager 2007) 
Conclusions
We estimated the spatio-temporal change in global land ET from 1982 to 2009 using a water balance approach in this study. The results presented here are consistent with previous reports of a positive trend in ET during the 1980s and 1990s, and a stalling of this trend thereafter. However, this reduction in ET trend during the recent years depended on the choice of the beginning and end dates, not surprisingly given the short period, suggesting that continuous monitoring is required to validate whether this transition is a short-term fluctuation or a sign of a longer-term decline in global land ET. Moreover, our results demonstrate the importance of TWSC for estimation of ET using the water balance equation. Ignoring TWSC, as in previous studies, will significantly bias ET estimation, especially in regions of low ET. Table 1 . Trends in land ET over the globe and six continents estimated by three different methods. The standard errors of these trends are also provided. *, ** and *** indicate the significance of the trends at the 90%, 95% and 99% confidence intervals, respectively. The unit for trend is mm yr There are a few points that deserve further study. Although a general agreement exists between the FLUXNET up-scaling method of JUN10 and ZHA10 for instance and our simple empirical water balance method, the model uses temperature as one of the independent variables instead of solar radiation due to lack of requisite solar radiation data sets. All the three methods suffer from a 'space for time' substitution hypothesis. In addition, the effects of land use change and rising atmospheric CO 2 concentrations, as well as humidity, were not taken into account in our simulation, which invariably introduced additional uncertainty. Finally, both temperature and precipitation not only influence ET directly but also indirectly through NDVI, in our approach and in JUN10 as well. For these reasons, our analysis was focused on spatio-temporal changes rather than mechanisms. Further studies based on process-based ET models by including all the driving factors are needed to precisely explore the mechanisms (e.g. soil moisture change (Jung et al 2010) , wind speed decrease (McVicar et al 2012) , solar radiation change (Teuling et al 2009) , land-use change (Piao et al 2007) or closure caused by increasing CO 2 (Gedney et al 2006) ) underlying historical change in global land ET over the past several decades.
